Evading death by vacuum 
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Quantum Mechanics and Quantum Field Theory have forced a reappraisal of the vacuum's exact 
nature. This is specially true in the Standard Model of particle interactions, where spontaneous sym- 
metry breaking of the electroweak symmetry by the vacuum is mandatory for elementary particles 
to acquire masses. The mechanism implemented with one scalar doublet leads to a simple vacuum 
structure at current energies. But, the open possibility that there might be two scalar doublets, 
enriches the vacuum structure, allowing for the possibility that we might now be in a metastable 
state, which we dub the panic vacuum. Current experiments at LHC are probing the Higgs particle 
predicted as a result of the spontaneous symmetry breaking. Remarkably, these experiments may 
also be useful to dispel the panic vacuum, as we show in a simple model with two doublets and a 
softly broken U(l) symmetry. 
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It has been known since the inception of the quan- 
tum field theory of fundamental particles that quantum 
fluctuations must exist, implying that the vacuum is 
not "nothingness". Moreover, the gauge theory describ- 
ing the electromagnetic, weak, and strong interactions 
(known as the Standard Model of particle physics - SM) 
further altered our perception of the vacuum [T [. Indeed, 
in the SM, fundamental particles can only obtain masses 
through the mechanism of spontaneous gauge symme- 
try breaking, achieved via the introduction of a scalar 
field subject to a potential with quadratic and quartic 
terms. The minimum of this potential is attained when 
the scalar field develops a non- vanishing vacuum expecta- 
tion value (vev), thus imparting structure to the vacuum. 
This is required because all fundamental particle masses 
are proportional to the vev. One consequence of this 
mechanism is the prediction of a neutral particle, known 
as the Higgs scalar [2]. 

Over the past forty years, the SM has successfully 
passed numerous tests. But the mechanism of sponta- 
neous symmetry breaking (SSB) has only recently come 
under experimental scrutiny, with the discovery by the 
LHC experiments ATLAS and CMS of a particle with 
properties similar to those expected for the SM Higgs 
[3]. The particle is produced by colliding two protons 
(pp) and detected, at present, mostly through its decay 
into two photons (77) and its decay into two Z bosons 
(ZZ). It turns out that the specific production mech- 
anism can sometimes be tagged and that it affects the 
detectability. In the case of 77, results are known for all 
production mechanisms combined, and also for produc- 
tion of the Higgs through the fusion of two Z or of two W 
bosons, known collectively as vector boson fusion (vbf). 



The field content of the SM has been determined by ex- 
periment. Indeed, CP violation aside, the theory would 
have been viable if there were only one charged lep- 
ton, one neutrino, one up-quark, and one down-quark. 
But three such families have been found, with increasing 
masses. In the same fashion, there may be more than 
one scalar doublet; only experiment will tell. Of course, 
having (say) two scalar doublets increases the particle 
spectrum: there would be three neutral scalars (h and 
iJ, respectively the lightest and heaviest CP-even scalars; 
and A, the pseudoscalar) ; and a pair of conjugate charged 
scalars (H^). But having more than one scalar doublet 
also enriches the vacuum structure. For example, in the 
SM with one scalar doublet, the potential admits only one 
minimum (up to the gauge transformations). In contrast, 
in the SM with two scalar doublets, there could coexist 
two neutral local minima; the global minimum with a 
smaller potential energy density; and a metastable state 
with a larger potential energy density. 



This raises a troubling possibility. If we were at present 
in the metastable vacuum, then the scalar field could in 
time decay into the real vacuum, thus reheating the Uni- 
verse, altering all masses, all physics, all chemistry, and 
invalidating our very existence. In this paper we show 
that even the current preliminary results can already be 
used to probe this question. 



As an example, we consider the scalar potential of a 
two Higgs doublet model (2HDM) with a Peccei-Quinn 
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symmetry given by [4j [5] 



m 



22^2^2 



rn 



12 



iA 1 (^ t 1 ^ 1 ) 2 + iA 2 ($^ 2 ) 2 



(1) 



where all parameters are real because CP invariance is 
imposed. The Peccei-Quinn U(l) symmetry ($1,^2) 
($i,e^$2) is imposed on the quartic terms and softly 
broken by m 2 2 , thus guaranteeing that the pseudoscalar 
has a mass. 

Since our Universe does not break electric charge, we 
know that, after SSB, only the neutral components of the 
scalar s develop vevs, ($?) = vx/y/2 and ($§) = v 2 /y/2, 
which can be traded for v = \/v\ + v 2 and tan /3 = v 2 /v\. 
Without loss of generality, we can take v\ and v 2 posi- 
tive and < j3 < ir/2. The vevs can be obtained by 
minimizing Vh, leading to two coupled cubic equations. 
Given m\ x . . . A4, these can be solved numerically. Fortu- 
nately, many features can be determined without solving 
the equations explicitly. 

In Ref. [6 one can find a proof that the potential of the 
most general 2HDM has at most two minima, along with 
conditions under which the two minima occur. Applying 
to our specific case, the two minima occur if and only if 
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1 is known as the as- 



The limiting curve y x 2 + 
troid. 

The vacuum that our Universe is currently in has 
v = 2m\v / g = 246 GeV (related to the W mass and 
the weak coupling g). We are particularly interested in 
the possibility that: i) there is a second minimum; and ii) 
it has vevs, v[ and v 2l corresponding to a lower potential 
energy density: 



Vh(v[,v' 2 ) < V H (vi,v 2 ). 



(6) 



For the region A34 > ^\i\ 2 , we have developed a new 
discriminant 



D — (m 2 x — k 2 m 22 ) (tan/3 — k). 



(7) 



If, in this region, D < 0, then Eq. (|6| holds, we live in 
a metastable state, and we denote our current (^1,^2) 
solution the "panic vacuum" . In the region where A34 < 
\A1A2, there is no panic vacuum in this model. 

Conversely, if there is only one minimum, or even if 
there are two minima - Eqs. ^ and (|3| hold - but D > 
in the region where it is defined, then (^1,^2) corresponds 
to the global minimum of the theory, and our vacuum is 
stable. 

Problems related to ours are sometimes tackled by fol- 
lowing the evolution of the various minima as the temper- 
ature (T) of the Universe decreased, from its inception 
to the present day. This involves estimates of the finite 
temperature contributions to the effective potential, and 
hinges on a variety of assumptions. Some recent work 
within the 2HDM can be found in Ref. [7] . It is also true 
that, even at T = 0, the nature of the vacuum changes as 
we increase the energy scale above 10 TeV. This occurs 
even in the SM, due to loop corrections to Vh, and might 
ultimately point to a more complete theory at high en- 
ergies, encompassing the SM [8]. This is not our concern 
here. We are worried about a problem that affects us 
right now, at T = and small energies. 

What we will now show is that measurements in the 
laboratory can be used to reconstruct the shape of the 
present day (T = 0) tree-level scalar potential, and, thus, 
ascertain as to the putative presence of a lower lying min- 
imum. Even more striking, although there are not, as 
of yet, enough measurements to determine all the seven 
m\ x . . . A4 parameters of Vh, the experiments at LHC are 
already close to ruling out the panic vacuum situation of 
Eq. ©. 

If the model we are discussing describes Nature, and 
the three neutral scalars and conjugate pair of charged 
scalars are detected, then the scalar potential can be re- 
produced from 
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where cq = cos# and sq = sin^, for any needed angle #, 
and the ra's are the masses of the various scalars. The 
m\ x and m 22 parameters are obtained by solving the sta- 
tionarity conditions dVn I \dv\) = and dVn / (dv 2 ) = 0. 
The angle a parametrizes the mixing 



h = Re($?)s a -Re($£)c a , 
H = -Re($S)ca-Re($§) 5a , 
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and can be taken between — tt/2 and tt/2. Eventually, 
the angles a and f3 will be determined by probing the 
couplings of the scalar particles to the fermions. Usually, 
two types of couplings to fermions are considered in the- 
ories with the U{1) symmetry. In Type-I, all fermions 
couple to $2; in Type-II, up-quarks couple to $2, while 
down-quarks and charged leptons couple to $1. 

We have generated randomly 180.000 points by set- 
ting v = 246 GeV, m h = 125 GeV, m H e [125, 900] GeV, 
m A e [10, 900] GeV, m H ± e [90, 900] GeV, and -tt/2 < 
a < tt/2. In addition, due to experimental bounds com- 
ing from 5-physics, we have kept tan/3 > 1. The corre- 
sponding couplings in Eqs. ([8| have been forced to com- 
ply with a Vh bounded from below, to satisfy tree-level 
unitarity, and to be consistent with constraints from elec- 
troweak precision observables. 

Fig. [l] shows the generated points in the (x, y) plane of 
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FIG. 1: Placement in the (x, y) plane of the points generated. 
Points inside the astroid (solid lines) have two minima; those 
in red/dark-gray correspond to the panic vacuum. 

Eqs. Q. In solid black lines we show the astroid. Points 
inside (outside) the astroid satisfy (do not satisfy) Eq. ([3| 
and correspond to potentials which do (do not) have two 
minima. Green/light-gray points inside the astroid have 
D > 0, exhibiting two minima, with our current vac- 
uum being the global minimum. This is a safe situation. 
Red/dark-gray points inside the astroid have D < 0, ex- 
hibit two minima, but correspond to the panic situation 
where our current vacuum lies above the other one. We 
have checked by explicit computation that the red/dark- 
gray points satisfy Eq. ([6]), while the green/light-gray 
points inside the astroid do not. 

In order to study the panic vacuum in detail, we have 
generated two new sets of points where Eqs. ([2|-(|3| hold, 
and D < 0. The data sample for Type-I has 100.000 
points. The Type-II model has the further constraint 
that m H ± > 340 GeV, arising from b — >• 87 almost inde- 
pendently of tan/3 [10]. For Type-II, we have generated 



58.000 points obeying this further constraint. 

The generated points are used to calculate Rf, defined 
as the number of events predicted in the model for the 
process pp — >• h — >• /, divided by the prediction obtained 
in the SM for the same final state /. The experimental 
bounds at la level are [9] Rzz — 0.93 ± 0.28, i? 77 = 
1.66 ± 0.33, summing over all production mechanisms. 

The results we obtain for Type-II are shown in Figs. [2] 
and [3] Fig. [3] also includes the la (solid line) and 2a 
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FIG. 2: Predictions from Type-II in the (R 11 ,Rzz) plane 
for panic vacuum points (in red/dark-gray) and for non-panic 
points (in green/light-gray). Also shown are the la (solid 
line) and 2a (dashed line) experimental bounds. 
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FIG. 3: Prediction for panic vacuum points in Type-II in the 
(-R77, i?^ 7 f ) plane. They lie outside the la (solid line) and 2a 
(dashed line) ellipse bounds in Fig. 12 of Ref. [TT] . 

(dashed line) bounds coming from the ellipse in Fig. 12 
of Ref. [IT]. While Type-II (green/light-gray) points for 
which our current vacuum coincides with the global mini- 
mum are consistent with experiment, we find that Type- 
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II (red/dark- gray) panic points are excluded at the 2a 
level by both ZZ and by (i? 77 , Kff). 

The results we obtain for Type-I are shown in the 
(R 77 ,Rzz) plane of Fig. [I] We find that i? 77 < 0.88, 
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FIG. 4: Predictions from Type-I in the (R 11: Rzz) plane for 
panic vacuum points (in red/dark-gray) and for non-panic 
points (in green/light-gray). Also shown are the la (solid 
line) and 2a (dashed line) experimental bounds. 

Rzz ^ 1, and the panic points lie outside the 2a R 77 
experimental band. In contrast, the Type-I panic points 
we have generated in the (i? 77 , R^) plane lie outside the 
la (elliptical) band, but inside the 2a band. We could 
have i? 77 f > 1, but only for values of i? 77 < 0.6. Thus, 
we cannot reach the SM, R 71 = Rzz = ^ 77 f = 1, and 
the measurements of i? 77 are barely consistent with our 
results for Type-I. 

In summary, we have studied the vacuum structure of 
a 2HDM with a softly broken U(l) symmetry, looking out 
for situations where our current vacuum has a larger en- 
ergy density than the true global minimum of the scalar 
potential. We stress that the exclusion of panic vacuua 
should be addressed is models with extended Higgs sec- 
tors, where it should be implemented as an extra con- 
straint on the theory's parameter space. Our conclusion 
is that, within our model, the recent LHC experiments 
are crucial in excluding the panic vacuum in Type-II and 
strongly disfavoring it in Type-I. If the current central 
values remain, the statistics accumulated by the end of 
this year will imply a precision that might also allow 
the exclusion of Type-I panic points. We can all sleep 
safer then... It is interesting that a cosmological ques- 
tion about the fate of our vacuum can be answered by 
laboratory experiments. 
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